
UNCLASSIFIED

AD NUMBER

AD216802

NEW LIMITATION CHANGE

TO
Approved for public release, distribution
unlimited

FROM
Distribution: Further dissemination only
as directed by Naval Ordnance Center,
Indian Head MD 20640-0000; 14 Jan 1959 or
higher DoD authority.

AUTHORITY

USNSWC ltr, 4 Dec 1974

THIS PAGE IS UNCLASSIFIED



'UNCLAsIF E

~rrsd ~erics ~ choical Information flgency
ARtIN.~ HALL STATION

__ ARtU~ 'T-.'ON 12 VIRGINIA_____

\' Wr! L X7 CTHER DRAWINGS, SPECIFICATIONS OR OTHER DATA
P~~ttii W ;Y, PC4F MVCI' THAN IN CONNECTION WITH A DEFINITELY RELATED

(~7~~<.'~ItOCUREXENT )PMtATMAK~, THE U. &. GOVERNMENT THEREBY INCURS
NO~ TY NOR ANY, 32GfK OK WHATSOEVER, AND THE FACT THAT THE4 G7WEnaI Aof K' E WrUkb',,ATED, FURNISHED, OR IN ANY WAY SUPPLIED THE

*9 J~k !&WES, SPEC1I CATION.P f)R OTHER DATA IS NOT TO BE REGARDED BY
T7( LTAT Iii0!! GMHERWME AS ":'ANY MAM4ME LICENING THE HOLDER OR ANY OTHER

M.NOR COE ,- ON~)VZYiN ANY RXGHS OR PERIMSSION TC ANFACTURE
)!?. l-LAl 'NTION THAT MAY IN A-NY WAY BE RELATED THERETO.

F r)

This Documep nt
Reproduced From

Best Available Copy



This Document 0 421(tI09O4Reproduced From
Best Available Copy

NAVORD REPORT C255

THE SPECIFIC HEAT OF THERMOSETTING POLYMERS (U)uLJ
cL-

U -

14 JANUARY 1£59

F ASTI
IL.7- D - 1

U. S. NAVAL ORDNANCE LABORATORY
WHITE OAK, MARYLAND



NAWr D Report 6255

THE SPECTFIC hEAT OF THEFMOSP-'TTNl FOLYMFPS

Prepared by:

R. W. Warfield
M. C. Petree
P. Donovan
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with theory, +.n6 specific heats of the polymers showed a progressive
increase with increasing temperature. In many cases large increases
in specific hoat have been observed which are indicative of second order
transitions within the polymer.
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This report contains data on specific heats as a function of temperature
for a number of therinosetting polymers. In many cases the results are
indicative of second order transitions which occur within the polymer*
This study was made under Project NlOa-l-56 as part of a general polymer
investigation.
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THF SPFCIFTC HEAT OF THERMOSETTING POLYMERS

TN T PU DuTT7 OF,

1. A knowledpe of the specific heat, of thermosetting polymers is
becoming more important with increasing use of these materials, oft,.
under high temperature conditions. Values of specific heat (hereafter
referred to as Cp) determined as a function of temperature can be used
in calculating heats of polymerization of polymers using the techniques
of Oifferential thermal analysis (Reference 1) and adiabatic calorimetry
(Reference 2). In addition, thermal diffusivities may be calculated
from the Cp data when the thermal conductivity and the density are known.
The changes of Cp with temperature are indicative of changes in the
electrical and mechanical properties of these materials and are frequently
related to the second order transitions.

2. Some uork As been done on determining the Cp of synthetic
polymers but a systematic study of the thermal properties of thermosetting
polymers has not been previously undertaken. Dole and co-workers (Refer-
ence 3) have determined Cp for polyethylene and a number of other synthetic
polymers, and polystyrene has been studied by Ueberreiter and Otto-
Laupenmuhlen (Reference L). Gast (Reference 5) has studied the Cp of
polyvinyl chloride. Furukawa, Bekkedahl and co-workers at the Nationvol
Bureau of Standards have deter-med Pp for a nuber of" po!y- (Refer-
ences 6 and 7). In addition, a number of values of Cp have been reported
but with no information as to the temperature at which +he determination
was made or of the method that was used.

3. A calorimeter was constructed for the pu-pose of d .. i. thew
Cp of thermosetting polymers. The design of this instrument was based on
the maIntenance of adiabaticity between the polymer sample in the calori-
meter vessel and the calorimeter wall during the Cp determination. The
temperature of the cured polymer sample was increased continuously by
means of an embedded resistance coil which was connected to a source of
energy. Adiabatic conditions were maintained by electrically heating the
calorimeter wall at such a rate that the wall temperature was within 1C
of the temperature of the polymer sample at all times durinp the determi-
nation. This calorimeter was designed to obtain engineering data with
.a minimum of effort and could be operated by a single technician. The
data obtained were estimated to be accurate to wthin 5%.

n. The work reported upon herein wao part of a long-term study of
the -mosetting polymers being conducted in al effort to obtain a more basic
understanding of the thermal, electrical. and mecbanical properties of
these materials. In additions a study was being conducted using thermal
and electrical methods tc get Information on the polymerization ch'aracter-
istics of these compounds. The extent to which the physical properties
of the solid polymer are influenced by the manner in which the polymeri-
zation is conducted was also being stud ed. The results of this Cp

1
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investigation indicate that Cp determination mide as a function of
temperature are real functions of the structure of the polymer a..d can
be used in studying the thermal and mechanical properties of thermo-
setting polymers.

THEORY

5. The theory of the specific heat of linear polymers has received
a lizited treatment by Boyer and Spencer (Reference 7). These investi-
gators attributed the increase in Cp Arth temperature to increasing
derees of freedom within the po2,mer. The molecules in the solid
-ibrate about their equilibrium positions with an amplitude which increases
with increasing temperature. As the temperature is raised these new
degrees of freedom are slowly activated and absorb heat energy. The
ooserved effect of these new degrees of freedom, 4- +'he increase in Cp
of the polymer. A theoretical treatment of the Cp of thermosetting
polymers has not been made. In this class of polymer the problem is
even more complex as the entire polymer is crossllnked and vibrations
and rotations occur only with difficulty.

6. The increase in Cp with temperature is only of lixited interest
Whe. Compared to the fact that in many polymers there are rather abrupt
increases in Cp over relatively narrow temperature ranges. This rapid
increase in Cp has been observed by many investigators (References 3, 7
and 8) and can be attributed to a second order transition, Tg, occurring
within the polymer. This transition which occurs upon heating a polymer
manifests itself as a change in the temperature dependence of a large
number of physical properties. At this temperature point, or more
correctly, in this temperature range, a discontinuity occurs in the thermo-
dynamic quantities such as specific heat, thermal conductivity and thermal
expansion. As the temperature is raised through this region, a process
takes place not involving latent heat, which results in larger values of
the thermodynamic quantities and in a charge in the general physical proper-
ties of the material. In general, when the material is above the transition
temperature it becomes solter and mor e as contra.-ted to its hard
brittle character at lower temperature.

7. There is no simple physical explanation that will completely
describe Tg in terms of the structure of a polynme- and which can be
applied to all polymers. For linear polynners, Tg increases approximately
in proportion to the secondary valance force per u.i t length of polymer
chain (Reference 7). However, bulky groups and strong polar groups lead
to higher Tg values (Reference 7). It has been considered by some workers
in this field that Tg is an internal melting point, above which the polymer
still preserves the external characteristics of a solid while behaving in
part like a liquid. As the polymer is heated and Tg is reached, sections
of long polymer chains move further apart and are able to move more freely
about the length of the chain (Reference 7). This new vibration and

2
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rtation which occurs at TR can account for the increase in Cp, Alford

and Dole (Reference 9), wAo studied Tg in poiyvinyl chloride, concluded
that the large increase !n Cp at Tg could not be entirely the result of
additional vibrations in the solid; other factors such as interchain
interactions involving a potential energy were suggested as being involved.

8. Van Az-eronzen (Reference 10) has concluded that the temperature
range of Tp in linear polymers is mainly deternined by the strength of the
secondary valence enerries and by the "Lfexi ity of -the chain. In thermo-
setting polynmers the higher values of Tg are primarily determined by the
Axtent of crosslinking. This has been shoun by Fox and Loshack (Refer-
ence i) who pointed out that crosslinking involves the exchange of second-
ary bonds for primary bonds.

EXPEERIMi} TAL

A. Method

9. The adiabatic calorimeter, the calorimeter vessel, the temperature
monitorinr and controlling instrumentation, and a detailed description of
the techniques used to determine the Cp of thermosetting polymers have been
previously described (Reference 12). In addition, the calibration of the
calorimeter was described and the results of a Cp determination on poly-
ethylene were compared with the results obtained on the same material by
Wunderlich and Dole (Reference 3).

10. The adiabatic calorimeter consists of three closed concentric
cylinders separated by dead air spaces. Placed around the inner cylinder
is a heating oil of nichrome resistance wire. The two 3ther cylinders
and the dead air spaces serve to insulate the inner cylinder and prevent
loss or gain of heat during a Cp determination. The cylindrical polymer
sample containing an encapsulated heating coil and thermocouples is placed
in the inner cylinder of the calorimeter. The heating coil in the polymer
sample is connected to a source of power and the temperature of t sample
is %hus raised at a uniform rate. This increase in temperature is measured
at 300 second intervals by means of the encapsulated thermocouples. Adia-
baticity is maintained by heating the inner cylinder of the calorimeter at
a rate so that it temperature is always within 1°C of that of the polymer
sample. This prevents loss or gain of heat by the sample.

11. In each case the polymer was extensively postcured before Cp
was determine1. Each Cp determination was conducted in duplicate and in
some cases additional determinations were made. The Cp was cplculated by
-jeans of Equaticn '

Cp = I2Rt (1)
6.185 M(& T)
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,x+ i is the current ' amperes, R is the tcpcrature dependent resistance

of tne heating coil in ohms, t the time in seconds, M the mass of the
polyner in grams, (1 T) the rise in temperature of the polymer in 'C,
and the constant L.185 is the mechanical equivalent of heat in 'oules
per calorie.

B. Mate r--

12. The amorphous thermosetting polymers studied in this investigation
consisted of a number of commercially available compounds. Many of these
compounds were casting resins. All the polymers were prepared for study
by the methods described in Reference 12. In addition to the therno-
setting polymers, two thermoplastic polymers, polyethylene and polystyrene
were used to check the accuracy of the calorimeter. The polymers studied,
the polymer type, the curing agent used a 1 the manufacturer are shown
in Aptnendix I.

C. Results

13. 'ivures 1 to 6 are plots of the Cp as a function of the temperature
for the polymers studied. Inspection of these plots shows that in each
case the Cp increased with an increase in temperature. In one case (Epon
828 cured with m-phenylene diamine) this increase in Cp was approximate3y
linear. This indicates that no sharp transitions occur within the polyner
over the temperature range considered. However, in many of the polymers
studied the Cp, after an initial linear interval, suddenly increases and
then assumes an approximately constant value which is much less temperature
dependent. In two cases (polyamide-EPL 2795 and diallyl phthalate) the
Cp changes throughout the temperature range considered. The rate of change
was not constant yet no second order transition was indicated.

I~~ Published values of Tv for thermosetting polymers are nonexistent,
but in the case of polystyrene, a thermoplastic polymer, Boyer and Spencer
(Reference 7) reported a Tg value of 81'C. The value of 81-820 C (Figure 6)
is therefore in excellent agreement with the published value. The temper-

ature range over which Tg occurred is shown in Table I.

DISCUSSION

15. It has previously bee-n no.ed that most polymers show an increase
in Cp with temperature, and those polymers studied in this investigation

ai !;.how this increase ith temqxratire. This increase in Cp with temper-
ature is however, of little" s, ni cance when compared with the fact
that n -imany of ue therm.,setting .polymers studied there were rather

abrupt increases in Cp over relatively narrow tcmperatuire ranges. These

abr-pt increases were usually followed by temperature ranges over which

tne increise in Cp was small and the rate apprrximrately constant,, These

incrc %ses in Cp can be explained as due to second order transitions which
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are show, in Table 1.

16. In an amorphous thermosetting. polymer, Tg will usually take
place over a temperature ran ge. Ar example of this is shoim in F"igFure
when Tr for Epocast R-155 occurs over a 2 FcC range. Tt is possible that
.limited transitions cain occur a' lower te, q+eratures due

to the acquisition of limited mobility by portions of the mair. chain or
by side groups (Reference 13). Eowever, T is catastrophic and unambiguous,
the other limited transitions occur at lower temperatures and the 7%gritude
of sch transitions when compared to Tg on Cp versus ttimperature plots
will be very small (Reference 13).

17. The magnitude and the sharpness of the change of Co at Tg in
thermosetting resins are Z'teresting. For example, in Figure 5 Epocast
R-155 shows an increase in Cp from O.LO cal/gmC at 5i°C to 0.58 cal/gm'C
at 1050C. The other extreme is shown by Paraplex P-L3 polyester resin
shown in Figure 1. This resin shows an increase in Cp at T, but the
increase is very small and sharp. At 1270C Cp is 0.*7 cal/gmC and
increases to a value of O.L9 cal/gmC at 1300C.

18. The observed Tg points for epoxide polymer systems can be
correlated with heat distortion temperatures, Dh. The exact relationship
between 7g and Dh is obscure, but usually Dh occurs at a slightly higher
temperature than Tg. It appears likely that the two points are closely
related, Tg being characteristic of the micro properties of a material
and being a more fundamental measurement, while Ph is characteristic of
the macro properties. Homer, Cohen and Kohn (Reference lL) have
determined Dh for a number of epoxide polymer-catalyst systems. In the
case of 7pon 828 and m-phenylene diamine, D, was found to be in tne range
of 150-159'C for an extensively postcuredpolyer. o Tg was found up
to 160'C which is the limit of the calorimeter. Tn the case of Epon
626 with tris(dimethyl ainomethyl)phrnol tri(2-ethyl hexoate), Dh was
found to be at 930C. The results of this study indicate that Tg was
complete at 70C. In the two systems compared above, neither the curing
cycles nor the amounts of curinp ; gent used by Homer and co-workers
were exactly the same as for the polymers used in the C.- determinations
so that an exact comparison cannot be made. Weiss (Reference 15) has
foimd Dh for Epon 828 cured with 56.5% of dodecenyi succinic anhydride
to be 780C. This is in agreement with the results presented here where
Tg occurred at about 60C. The effect of plasticizers is to lower the
tripcrature at which Tg and Dh occur (Reference 10).

19. Those polymers that do not show indications of a second trxisition
over the temperature range stltdied are of c(,nsidprable interest. The fact
that a transition is not observed suggests that Tg occurs at a temperature
either below 250C or above the riixxiu mI tenierature attained by the calori-
meter during the Cp determination. The latter case is probable with Epon
828 cured with m-phenylene diamine. With polyethylene, diallyl phthalate
and polywnide-FRL 2795 the problem is more complex. It appears that in
these polymer- large numbers of structural Croupr do not suddenly become

5
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activated as the te erature is raised. These three polymers hvt Dh-
of 75% (Reference 16), 121'r (Reference 17) and 60'C, respectively
(,eference 18). It is sugfested that polymers in which Tg is not ob-
served by Cp masurements, and in which it can be established that Tg
does not occur below 25'C or above li)C, can be considered to have a
broad Tg which occurs over a very wide temperature range and is of
relatively small magnitude.

20. Two polymers containing an SiO2 filler were studied. The amount
of filler present was determined by chemical analysis. The Cp of duPont
820-001 which contains 15 of SiO,, is shown in Figure 5 and the Cp of
Hysol 6020-105 which contains 31.8' of Si02 is shown in Figure 2. Tt
appears that this calorimeter cam. be used to determine Cp as a fuction
of temperature for any polymer containing a filler, the only renuirements
being that the percentage of filler be not too high so as to make the
viscosity of the liquid unpolymerized polymer too great for satisfactory
pouring into the calorimeter vessel.

21. in the case of polystyrene a previous determination of the Cp
as a function of temperature had been made by Ueberreiter and Otto-
Laupenmuhlen (Tqeference L) Their results showed that in the region
below Tg the Cp of polystyrene was not a function of the molecular weight.
samples having an average molecular weight of b60, 2300 and 3650 were
studied and between -16'C ad +lL'C the results of three separate Cp
determination on the three samples yielded results that were almost
superimposable. However, upon increasing the temperature the sample
having an average molecular weight of 860 showed a Tg starting at about
25'C while the szaples having an average molecular weA.ght of 2300 and
3650 began txj show a Tg at 65'C and 75°C, respectively. This iilustrates
the dependence of Tfg on the chain lengtn of the polymer. After Tg was
complete the Cp values increased -it a rconstant rate, bMt the sample havinp
the highest molecular weight showed somewhat nigher values of Cp.

22. The data shoz- in Figure 6 for polystyrene in the range of 50' -

800C are almost identical with those of Ueberreiter and Otto-Laupenmuhlen.

This is an excellent check on the calorimeter used here. However, after
Tg occurs at 81 - 82'C the results in Figure 6 show a progressive increase
in Cp and the values were somewhat hipher than those found in the rev ous
study. No information was available as to the average molecular weight
of the polystyrene used in this investigation. From the fact that Tg
occurred at 81 - 82C it can be estimated to be high (> 10,000). The
previous work has shown that after Tg had been reached the Cp was some-
what dependeni on the average molecular weight and since the results
ihere for Cp were somewhat higher2 it can be concluded that the average
molecular weight was high. The po:lystyrene used in this investigation
had a Dn of b,5 (Refere e. 1).

23. Epon 828 resin was cured with three different amine curing
agents and a comparison of the results of the Cp deterrinations for

6
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the three rystems is of interest. In the first s'ztcm (Firurc i)
m-phenylene diamine -s the curing agent, and as mentioned previously,
this sytem shoved a progressi.e increase in Cp from about 0.33 cal/gmC
at L00C to about 0.51 caligmC at 160'C. This increase is almost linear
and no Tg was observed. Li the second s'stem (Figure 3) diethylamino-
propylamine was the curing agent, and this system showed both an increase
in Cp and a Tg occurring over a wide temperature rar.Fe, Teninating at
about 1150 C. Generally, the values of Cp were somewhat lower than when
m-phenylene diamine was used as a curing agent. In the third system
(Figure 1) tris(dimethylayi-nomettiyl)phenol tri(2-ethyl hexoate) was the
curing agent and this system differed from the proceeding two in several
respects. First, Cp was higher by about 10-15% over the temperature
range of LO*C - 150C, Tz occurred rather sharply and was complete at
70'C and Cp progressively increased to about 0.56 cal/gm°C at 150*0.

2L. On .e basis of these results, it would appear that the system
Tpon 82 8 -tris(dimethylamincmethyl)pherol tri(2-ethyl hexoate) was less
crosslinked than the other two systers on the assumption that Cp values
are an index of the derree of crosslinkinF. The fact that Tg occurred
sharply at a relatively low temperature reinforce.= this conclusion. Also,
these results indicate the extent to which the physical properties of a
resin system are dependent upon the curing agent used. Tn Pach case the
stoichiometric amount of curing agent was used.

25. The systematic error in a typical deten'ination of Cp as
calculated in Equation I is estimated to be as foll T0

Quantity Frror

1 2 1.5%

R 0.Lh

M 0.2%

t

T 0o-5

Go 2.6%

From these -stimated errors and fnm an analysis of the scatter of points
on the Cp vs. temperature plots, the overall error is estimated to be
within 5%. in addition, the accuracy of these Op determira+ticnn h_- keen

chpcked by repeating the work of 1wunderlich and DolP (Ref~rncP 3) on
low pressure po.Lyethylene. These iit-3tigitors used an elaborate calori-
meter capable of high accuracy and precision. The results of both sets
of data are shown in Figure 6 and show excellent agreement. The values of
Cp for polystyrene also show excellent agreement with the work of
Ueberreiter and Otto-Laupenmuhlen (Pefnrence L).

7
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1N CLUSIONS

26. The Cp results have led to the folowong nclusions:

a. The Cp of thermosetting polymers is in the rpnge 0.20
cal/gmrnC to 0.60 cal/gmoC in the temperature range 30"C to 1W'uc and
is temperature dependent.

b. The Cp values obtained as a function of temperature by
the adiabatic calorimeter are sensitive to second order transitions
occurring within the polymer.

c. The second order transition in thermosetting polymers
gene-ally occurs at a higher temperature'than in thermoplastic polymers.

d. A correlation exists between the second order transition
and the heat distortion Dc-nt.

e. The Cp v-alues are real functions of the structure of the
polymer.

RECO1RhDATO'S

27. It is recommended that the Cp of polymers of known chemical
and physical structure be determined. W4ith data of this type it r.y
be possible to relate the Cp values to the structure of the polymer.
On the same polymers, the effects of varying amounts of curing agent
and plasticizers on Tg should be established. Suph information could
be used to establish the nature of Tg. Finally, the change in Cp which
occurs upon polymerization should be studied. This could be determined
by measuring the Cp of both the monomer and polymer.

8
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M ate ri al Figure Number Lae

Polyethylene 6 Not present

Epon 828 + DEAPA (43 600-115 0C

Epon 62 +M !PrJA 2)1Not present

Epon 828 +D4i0 0 0-

Epon 82B + I]'P-30 ()3 4j0 -650C

Dow 26 33 + 1~3. 6301b"

Polyamide-ERL 2795 2 Not,, presentL

DuPont 82U-001 5 1*9*

Hysol 6020-105 2 0, 0-85 0C

Paraplex P-03 31250-1280C

Dia.ll phthalate 'Not presont

Polystyrene 61 81 0-82 0C

(1) Diethylamiopropyain~e
;.2) m-phenylene diamine
(3) Dodecenyl succiriic anhydride

(W) Trsdi~:! -riToehlpe tri( 2-ethyl hexoate)
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